We investigate a nanowire transparent electrode that also functions as an anti-reflection coating for solar cells. To provide physical insights into this broadband anti-reflection, we introduce a generalized Fabry-Perot model.
The transparent electrode is a widely used component in solar cells. Apart from traditional transparent conductive oxide such as tin-doped indium oxide, a number of other approaches have been recently explored, including networks of metallic nanowires [1, 2] . Besides the high electrical conductivity and high optical transparency requirements of a high-performance transparent electrode, a practical electrode should also be designed with the consideration of several additional physical constraints that the electrode is in electric contact with the semiconductor to extract carriers and is encapsulated to prevent damage. illustrates the diffraction channels plotted in a unit cell of the electrode. The transmission spectra calculated using our model and numerical simulation are respectively shown in blue and red for s-and p-polarization in (e) and (f).
In this presentation, taking into account these constraints, we investigate the optical properties of a nanowire transparent electrode with a generic geometry ( Fig. 1(a) ), where periodic silver nanowires are placed atop a silicon substrate and embedded in a SiN layer. The periodicity is chosen as 400 nm such that at normal incidence within the wavelength range of interest (400 -1100 nm), the diffraction order in air is limited only to the zeroth order, which is beneficial for anti-reflection purposes [3] . As a representative set of parameters, the nanowire radius is 20 nm, and the SiN thickness is 82 nm which maximizes the average transmission. Numerical simulations show that the transparent electrode provides a broadband anti-reflection, comparable to that of an optimized single layer anti-reflection coating, for both polarizations over most of the absorption frequency range for silicon solar cells (Fig. 1(b) ). The average transmission of this electrode is 87.9%, slightly lower than the 91.6% transparency of the optimized single layer anti-reflection coating. On the other hand, the electrode provides a sheet resistance of 12 Ω/ along the nanowire direction. These results show that a nanowire electrode can be placed at the interface between the silicon region and the anti-reflection layer, without significantly degrading the performance of the anti-reflection coating. The angular dependent average transmission of this system for both polarizations (Fig. 1(c) ) shows that each polarization maintains high transmission until the angle of incidence exceeds 60 degrees. This angular response suggests its capability of operating over a range of angle of incidence and capturing most diffuse sunlight.
To elucidate the physics mechanism of this broadband anti-reflection, we develop a generalized Fabry-Perot model [4] . The anti-reflection results from the interference between directly reflected light and light that bounces between the air/SiN and SiN/Si interfaces before leaking to air. However, the presence of the nanowire array at the SiN/Si interface introduces two new aspects that need to be taken into account in the Fabry-Perot model: (1) The silver nanowires may diffract light into higher order diffraction channels inside the SiN layer; (2) The reflection coefficient of the zeroth-order is different from that of a flat interface. We generalize the Fabry-Perot model to take into account the two modifications. Fig. 1(d) shows the diffraction channels for propagating waves. Though there is only the zerothorder diffraction in air, both SiN and Si layers can support multiple diffraction channels due to their refractive indices substantially larger than 1. The complex amplitudes of the forward and backward propagating waves are respectively denoted as a and b, whose subscripts represent their diffraction orders.
At each interface, the outgoing waves are related to the incoming waves by a scattering matrix. The scattering matrix S 1 of the air/SiN interface can be determined analytically, while the scattering matrix S 2 of the SiN/Si interface with silver nanowires is numerically obtained. The propagation between the two interfaces can be described by an analytically obtained propagation matrix. The transmission of the electrode can be obtained semi-analytically based on scattering matrices and the propagation matrix.
The above model takes into account the multiple propagating channels that exist in the SiN layer, but neglects channels that are evanescent along the y-direction. With this model, the transmission of the electrode can be immediately calculated once the scattering matrices of the two interfaces are known. Since the scattering matrices have no dependence on the thickness of the anti-reflection coating, this model helps to find the optimized thickness of the anti-reflection coating.
To validate our model, we compare the transmission spectrum of the electrode predicted by our model with that obtained by direct simulation using the Fourier modal method (Fig. 1(e-f) ). The agreement between the spectra for both polarizations suggests that our model captures the main physics involved in the optical transmission of the electrode.
In conclusion, we investigate the optical characteristics of a silver nanowire electrode atop silicon and embedded in a SiN anti-reflection coating. We show that such a structure can exhibit broadband anti-reflection characteristics over wide angular range. The physics of such electrode is well accounted for a generalized Fabry-Perot model. The results here provide design guidelines for nanowire transparent electrode in a device configuration that is relevant for solar cell applications.
